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Dual top gated graphene transistor in the quantum Hall regime 

Ajay K. Bhat, 1 ' 2 Vibhor Singh, x @ Sunil Patil, 1 and Mandar M. Deshmukh 1 

^Department of Condensed Matter Physics and Materials Science, Tata Institute of Fundamental Research, 
Homi Bhabha Road, Mumbai, 400005 India 

2 ^ Birla Institute of Technology and Science, Vidya Vihar, Pilani, 333031 India 

We study the effect of local modulation of charge density and carrier type in graphene field effect transistors 
using a double top gate geometry. The two top gates lead to the formation of multiple p-n junctions. Electron 
transport measurements at low temperature and in the presence of magnetic field show various integer and 
fractionally quantized conductance plateaus. We explain these results based on the mixing of the edge channels 
and find that inhomogeneity plays an important role in defining the exact quantization of these plateaus, an 
issue critical for the metrology applications of p-n junctions. 



The electronic properties of graphene have been stud- 
ied extensively in recent years^, including effects like 
anomalous integer quantum Hall effect 2,3 . The advan- 
tage of controlling the charge type and electric field lo- 
cally adds a new dimension to study electron transport 4 
to see effects like Klein tunneling^^, Andreev reflection^, 
collapse of Landau levels 8 , Veselago lens 9 and collima- 
tion of electrons with top gates 10 . The top gate geom- 
etry has been utilized in controlling the edge channels 
in the quantum Hall regime and with control over lo- 
cal and global carrier density. Such p-r&lL and p-n-p 
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junctions— show integer and fractional quantized con- 
ductance plateaus. These integer and fractional quan- 
tized plateaus have been explained with the reflection 
and mixing of the edge channels leading to the partition 
of the current 13 . 

In this letter, we study electron transport in a graphene 
multiple lateral hetero junction device with charge den- 
sity distribution of the type q-qi-q-q2-q with indepen- 
dent and complete control over both the charge carrier 
type and density in the three different regions. This is 
achieved by using a global back gate (BG) to fix the over- 
all carrier type and density and local top gates (TGi, 
TG2) to set the carrier type and density only below their 
overlap region with the graphene flake. By controlling 
the density under the two top gates, various conductance 
plateaus can be observed in quantum Hall regime. We 
explain these results by mixing and partitioning of the 
edge channels at the junctions. Our analysis on these 
two probe devices indicates that aspect ratio and inhomo- 
geneity play an important role in determining the quanti- 
zation of the conductance plateaus. The issues we explore 
here are also important in the use of multiple graphene 
p — n junctions for metrology 14 , use of graphene hetero- 
j unctions for collimationi^ and broad field of metamate- 
rials based on graphene heterostructuresi^. 

The device fabrication starts with the mechanical ex- 
foliation of graphene flakes from graphite 2 ^ on 300 nm 
Si02 grown on degenerately doped silicon substrates. Us- 
ing e-beam lithography, source-drain contacts were fab- 
ricated by depositing 10 nm/50 nm of Cr/Au. For the 
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FIG. 1. (Color online) (a) Schematic diagram of the device, 
(b) Colorscale plot of two probe resistance as a function of 
V bg and Vtgi at T=1.7 K with V tg2 =0 V. (c) Line plots of 
slices of data shown in (b) at indicated top gate voltages, 
(d) Colorscale plot of resistance as a function of Vb g and V± g i 
at B=6 T. (e) Line plots of slices of data shown in (d) as 
indicated by the colored lines. 



fabrication of top gates, we first spin coat 30 nm of NFC 
1400 (JSR Micro) 16 as a buffer layer followed by the 
10 nm of HfC>2 using atomic layer deposition to serve 
as the dielectric. Following this we fabricate two 500 nm 
wide top gates with a gap of 2 /im. Fig. 1(a) shows a 
schematic of the device where, Vb g (Vt g i,Vtg2) is the back 
(top) gate bias and I ac (~50 nA) is used to measure the 
two probe resistance of the device by the AC modulation 
technique. 
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FIG. 2. (Color online) (a) Measured conductance (in units of 
Go — e 2 /h) of the device with the voltages applied at two top 
gates while Vb g =31.1 V corresponding to the v —2 at T=1.7 K 
and B=6 T. (b) Line plots from (a) at the slices indicated 
by the colored lines on it to show the observed conductance 
plateaus. 
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To understand the effect of local charge density and 
type modulation we start by measuring the resistance 
with voltages applied at back gate and at one of the top 
gates while the other top gate voltage set to V. Fig. 
1(b) shows the colorscale plot of such a measurement. 
The global maximum in resistance corresponds to the 
charge neutrality point due to Vb g variation. We also 
see local maxima in resistance (reflected in the angular 
band on the colorscale plot) due to the charge neutrality 
under the top gate. From the resistance variation with 
back gate voltage, we measure the carrier mobility to be 
~4800 cm 2 /Vs. The relative capacitive coupling (77) of 
the top gate with respect to the back gate is ~7 and 
can be calculated from the slope of the two resistance 
peaks due to the top gate and back gate 17 . Capacitance 
calculated by taking into account the dielectric coefficient 
of Hf02 and NFC 16 gives a 77 of 5.8. Fig. 1(c) shows line 
plots from the colorscale plot in Fig. 1(b). The green 
colored curve in Fig. 1(c) shows the gating effect with 
the top gate at V hence having minimal contribution to 
the charge density in the device. In the red curve however 
there is a clear local maximum at ~40 V which is due to 
the effect of the top gate which is biased at 1.5 V. 

Fig. 1(d) shows the colorscale plot of resistance of the 
device with voltages applied at back gate and at one of 
the top gates (while other top gate voltage is set to V) in 
the presence of a 6 T magnetic field applied perpendicular 
to the plane of graphene. The first thing to be noted is 
the formation of the quantum Hall plateaus when the 
top gate is fixed at V. Fig. 1(e) shows line plots of 
Fig. 1(d) with the green plot showing the plateaus as a 
function of the back gate. The plateaus corresponding to 
v of 2 and 6 can be seen. Also seen at Vt g t^OV are the 
fractionally quantized conductance plateaus which arise 
due to the equilibration of the edge channels interacting 
at the junctions^ 2 -. The plateaus occurs at slightly higher 
values than that expected from the exact quantization. 
This is possibly due to finite contact resistance, as this 
is a two probe measurement. Also, finite longitudinal 
conductivity (cr xx 7^ 0) in rectangular graphene devices 
can cause deviation from the ideal quantization 12,18 . The 



FIG. 3. (Color online) (a) Schematic of the model employed to 
calculate the conductance. It shows the various edge channels 
and the possible types of equilibration at the junctions, (b) 
Colorscale conductance plot of the results of the calculation as 
a function of the two top gates while Vb g set at v=2 by taking 
into account the aspect ratio of the locally gated regions. The 
dotted line indicates the region in filling factor space probed 
in the experiment, (c) Line plot showing the slice of colorscale 
plot in (b) along the marked line. 



red plot in Fig. 1(e) shows the plateaus that are not 
expected for monolayer graphene and arise due to the 
effect of the top gate. 

We next consider the central experiment of this letter 
which is the interaction of the edge channels induced by 
two top gates. Fig. 2(a) shows the conductance(G) of the 
device (in units of (Go = e 2 /h)) as a function of Vt g i and 
Vt g 2 with the back gate (Vbg — 31.1 V) fixing the overall 
flake at the v=2 plateau at B=6 T. We observe many 
fractionally quantized conductance plateaus arising due 
to the interactions between the edge channels induced 
below the two top gates mediated via the intermediate 
graphene lead. Fig. 2(b) shows line plots for slices of 
data shown in Fig. 2(a) with one of the top gates being 
varied continuously, while the other top gate and back 
gate are set at v=2 plateau. 

Another feature of the data shown in Fig. 2(a) is that 
there are fluctuations in the conductance plateau values 
that extend over a range of top gate values; seen as hor- 
izontal bands at fixed values of Vt 9 2- This observation 
can be understood as resonant reflection due to impuri- 
ties embedded underneath the top gate 19 (we discuss the 
role of impurities later in detail). Varying V tg 2 modifies 
the chemical potential and that changes the amplitude of 
scattering from delocalized to localized states. 

To explain the observed data we employ a simple model 
as shown in Fig. 3(a). Here the red/green channels rep- 
resent electrons/holes. This shows just one of the various 
possible configurations of the regions^. We now solve the 
system of equations framed using current conservation at 
each of the junctions with the reflection coefficients of the 
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edge channel currents determined by the type of charge 
and also the number of channels present. In all there 
are three configurations of junctions possible. Let v\ and 
V2 be the number of edge channels on either side of the 
junction with V2 being below a top gate. The first possi- 
bility is when both v\ and V2 are of the same carrier type 
but 1 1/2 1 < \v\\ in which case only the channels present 
in V2 are transmitted giving a reflection coefficient r\ = 
1~ into region 1. The next case is when \v\\ < |^| 
leading to circulating channels from among in region 
2. This case is shown in Fig. 3(a) between v and v\ 
where r\ = \~ into the region TG\. In our device such 
circulating channels can be formed even in the region be- 
tween TGi and TG2 for the case when < |z/|. The 
remaining possibility is that of v\ and V2 being of differ- 
ent charge carrier types, i.e. electrons on one side and 
holes on the other side. This leads to the complete mix- 
ing of electron and hole channels at the junction. In Fig. 
3(a) this is shown by v and V2 giving a reflection coeffi- 
cient of r2= -j^, into region below TG2. Using current 
conservation at each interface leads to the following set 
of equations; h = I + I4, I2 = v\ x h-> I3 = I2 + J7, 
I A = n x J 3 , J 5 = h - h, h = h + h, h = h~ ho, 
h = ^2 x /g, Ig = Iio and ho = r2 x J 6 , where Ii repre- 
sent the current due to channel i as labeled in Fig 3(a). 
Solving this system of equations gives an effective fill- 
ing factor v e ff = VVlV ?o • Similarly solving for 

all the possible configuration of the local filling factors 
leads to the effective filling factors^. This however does 
not match exactly with the experimental data. To ac- 
count for the deviation we take into account the aspect 
ratio and incorporate a W/L (device width to length 
ratio) of 3 and impurity doping in the two top gated 
region o 18 i 2Q . A measure of the inhomogeneity in charge 
density can be obtained from the width of the Dirac peak 
as a function of Vt g \ and Vt g 2 (An = Ct g x AV^). For 
the two top gates, An turns out to be 7.9xl0 11 /cm 2 and 
5. 4x10 11 /cm 2 . This gives an estimate of the impurity 
doping in the sample. Using the effective filling factors 
now obtained we calculate the conductance and plot it 
in Fig. 3(b). Comparing Fig. 2(b) with the line plot of 
Fig. 3(b) shown in Fig. 3(c), we see a reasonable match 
between them. Further refinement of the calculation can 
be done 2 ^. This calculation is however still unable to ex- 
plain the diagonal asymmetry and the peaks and valleys 
in Fig. 2(a) deviating from flat plateaus in conductance 
as expected from Fig. 3(b). There could be three possi- 
ble mechanisms that can cause such a deviation - Firstly, 
depending on the geometry of the flake this quantization 
is susceptible when aspect ratio deviates from unit y 18 i 21 . 
Secondly, it can arise due to inhomogeneities present un- 
der the locally top gated region, which can affect the ex- 
act quantization of the plateaus. The distribution of the 
impurity below the two top gates can lead to differences 
in their effect on the conductance quantization, includ- 
ing the oscillations seen in the modulation due to TG2 
which is absent in the modulation due to TGi—. This 
shows that there is an asymmetry in the properties of 
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FIG. 4. (Color online) (a) Histogram of the conductance data 
plotted in Fig. 3(b). (b) Plots a histogram of the experimen- 
tally measured conductance shown in Fig. 2(a). 



the regions below the two top gates leading to the asym- 
metry seen in Fig. 2(a). Further, the v — 2 plateau has 
been found to be more susceptible to inhomogeneity 22 
under the locally gated region as compared to the other 
plateaus when the leads are set at the same z/, which is 
v = 2. Lastly, we speculate that the mismatch in the 
conductance plateaus from ideal values is possibly due to 
unintentional dopants leading to multiple uncontrolled 
p — n junction a 23 ! 24 . 

Fig. 4 shows histograms of the conductance plots, both 
experimental and calculated. It is clear that there is a 
good correspondence between the two in terms of the 
overall trend and the expected features. The peaks at 
the calculated filling factor values can be seen in the his- 
togram from the measured data. The histogram also 
gives a sense for the mismatch present in the sample 
shown by the spread of the expected peaks. 

In summary, we have studied the effect of two inde- 
pendently locally gated regions on the conductance of 
graphene in quantum Hall regime. We have been able 
to study the equilibration of the channels at multiple 
junctions giving rise to fractional quantized conductance 
plateaus and also the critical role that impurity plays. 
This will help in developing a better understanding of 
lateral heterostructures for applications like metrology^. 

We acknowledge financial support from the Govern- 
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